Introduction.
For decades petrochemicals have been conveniently and economically generated concurrently with liquid fuel processing on a massive scale. As the human population increases, and the fossil fuel era dwindles, energy and chemicals technologies have to diversify. Many of the newer sources of useful energy cannot be coupled to chemicals production and new sources of chemicals are becoming important. Prior to the petrochemical era it was common to generate important bulk chemicals from biomass and this is again becoming profitable. Biomass is unique amongst the more renewable technologies as it can be employed to generate fuel and chemicals simultaneously in a biorefinery, this provides economics similar to petroleum and petrochemicals. Furthermore biomass is ubiquitous, as animals must eat. Ideally liquids fuels and chemicals will be derived from the waste from agriculture thus supporting, rather than competing with, food production. For example used vegetable oil can be transformed into biodiesel and the side product, glycerol, can be converted into chemicals.
In the biomass Renaissance one of the first platform chemicals to emerge was 1,3propanediol. 1,3-propanediol (1,3-PDO) is a renewable platform chemical 1 that can be readily prepared by large scale whole cell biocatalysis. 2 Bio-derived 1,3-propanediol is currently produced by the bacterial fermentation of sugars, for example sugars derived from corn. 2,3 1,3-PDO can be obtained at a competitive cost and is commercially available from DuPont™ (marketed as Bio-PDO™). 3 The whole cell biocatalytic preparation of 1,3-PDO introduced by DuPont™ and Tate & Lyle has considerable environment benefits compared to the petrochemical route. 4 DuPont™ estimate a reduction in energy consumption of 40% and a reduction of greenhouse gas emissions of more than 40 %. Further improvements could be adopted by converting the feedstock to the by-product of biodiesel production, glycerol. 1,3-PDO is a major product of glycerol fermentation by Clostridium, 5 Klebsiella, Citrobacter, 6 An example of the use of IrCp* complexes as efficient dehydrogenation catalysts was recently reported by J. Xiao and co-workers. A cyclometalated [Cp*Ir III ]/imino complex (Imine  4-methoxy-N-[1-(3-methoxy-phenyl)ethylidene]aniline) was found to be a versatile catalyst for the rare, homogeneous, catalytic dehydrogenation of various benzo-fused Nheterocycles such as tetrahydroquinolines, tetrahydroisoquinolines, 3,4-dihydroisoquinolines, tetrahydro--carbolines, indolines, and tetrahydroquinoxalines. High yields of quinolines, isoquinolines, -carbolines, indoles, and quinoxalines, respectively, were obtained using the cyclometalated [Cp*Ir III ]/imino complex, in concentration 0.1 -1 mol %, in refluxing 2,2,2trifluoroethanol. 20 Furthermore, in the case of isoquinolines and 3,4-dihydroisoquinolines, the Cp*Ir III complex was also found to be an efficient catalyst for the reverse process, that is hydrogenation to tetrahydroisoquinolines: ultimately, J. Xiao and co-workers designed an interchangeable catalytic network that links the three forms of isoquinoline by hydrogenation and dehydrogenation equilibria, using the Cp*Ir III catalyst in 2,2,2-trifluoroethanol at the specific temperatures and catalyst loadings allowing the six different transformations to occur as required. The ability of the Cp*Ir III complex to catalyse the dehydrogenation of 3,4dihydroisoquinolines was applied in a three-step total synthesis of papaverine, an opium alkaloid antispasmodic drug, clinically used for vasospasm treatment, while the Cp*Ir IIIcatalysed dehydrogenation of tetrahydro--carbolines found application in a two-step total synthesis of harmine, a -carboline alkaloid with cytotoxic activities against a series of tumor cell lines.
In the IrCp*-catalysed Guerbet reaction, a sequence of dehydrogenation, self aldol condensation, dehydration, and hydrogenation allows the transformation of primary aliphatic alcohols to dimeric alcohols via formation of aldehydes. In 2006 Y. Ishii and co-workers reported an efficient IrCp*-catalyzed Guerbet reaction of several primary linear, and branched, alcohols to -alkylated primary alcohols under mild conditions: up to almost quantitative yields of the latter were obtained in p-xylene, at 120 °C, in the presence of KOH or t-BuOH, and hydrogen acceptors such as 1,7-octadiene, cyclooctene and 1-octene. The production of propionaldehyde directly from 1,3-PDO, using a heterogeneous copper catalyst at high temperature, was reported by S. Sato et al. in 2008. The vapour-phase dehydration of 1,3-PDO over Cu-Al 2 O 3 at 250 C afforded propionaldehyde with 66 % selectivity. 21 The dehydration of the substrate proceeded at 100 % conversion to yield propionaldehyde together with propanoic acid, 2-ethyl-1,3-dioxane, and acetaldehyde as byproducts. The major by-product, propanoic acid, formed with 18 % selectivity, is likely to result from the oxidation of propionaldehyde with water as oxidant. S. Sato and co-workers suggested that formation of propionaldehyde from 1,3-PDO occurs either via a dehydrogenation-dehydration-hydrogenation or a dehydration-dehydrogenationhydrogenation sequence. In the former route, the substrate is first dehydrogenated to form 3hydroxypropanal; dehydration of the latter yields 2-propenal, which is finally hydrogenated to propionaldehyde. Alternatively, initial dehydration involving one of the hydroxy groups of 1,3-PDO leads to 2-propen-1-ol, which is then converted into propionaldehyde via dehydrogenation-hydrogenation: 2-propen-1-ol is first dehydrogenated to 2-propenal, which is then hydrogenated to propionaldehyde. Comparison with 1,3-butandiol (1,3-BDO) dehydration reactions suggests dehydrogenation-dehydration-hydrogenation to be the most likely reaction pathway. S. Sato and co-workers proposed this sequence for the copper catalyzed dehydration of 1,3-BDO to butanone: the diol is first dehydrogenated to 4-hydroxy-2-butanone; dehydration of the latter, leading to methyl vinyl ketone, followed by hydrogenation, affords butanone. 22
The C4 diol 1,3-BDO has been investigated as a model molecule for the catalytic transformation of polyols, including 1,3-diols such as 1,3-PDO, to carbonylic compounds: the understanding of its metal catalysed dehydration reactivity towards carbonylic compounds offers meaningful insights for the comprehension of the hydrogen transfer initiated dehydration of 1,3-PDO towards aldehydes hereby discussed. initial step is, instead, dehydration of 1,3-BDO: after formation of the unsaturated alcohols 3buten-2-ol or 2-buten-1-ol or 3-buten-1-ol, further hydrogenation or dehydration reactions would deliver saturated alcohols, namely 1-or 2-butanol, or olefins, namely butadiene. Dehydrogenation at the primary hydroxy group was reported as less favourable than that at the secondary hydroxy group, which yields ketones. Dehydration activity and selectivity towards butanone lowered when moving from 2,4-to 1,3-BDO: adsorbtion of the primary hydroxy groups of the latter on the MoO x species, where dehydrogenation of hydroxy groups generally occurs, is more favoured than that of secondary hydroxy groups; therefore, aldehydes, instead of ketones, should be produced in the first instance. However, production of CO 2 and alkenes prove that the aldehydic group is indeed formed, but undergoes rhodium catalysed decarbonylation or decarboxylation, and / or retro-aldol condensation. As a consequence, dehydrogenation of the secondary OH group still allows formation of 2butanone, but at lower activity and selectivity. 
Synthesis of
 5 -pentamethylcyclopentadienyl-iridium(3-methyl-1-(2,4,6trifluorobenzyl)-imidazolin-2-ylidene)-dichloride (1-3F).
Ag 2 O (0.075 g, 0.3 mmol) was added, in the absence of light, to a dichloromethane (30.0 mL) solution of BzMIm-3F (0.124 g, 0.4 mmol). The resulting mixture was stirred at room temperature for 1.5 hours. [Cp*IrCl 2 ] 2 (0.167 g, 0.2 mmol) was then added and the resulting mixture was stirred for 4 hours. The solution was then filtered through celite.
Solvent removal led to the isolation of an orange crystalline powder of 1-3F.
Recrystallisation from CH 2 Cl 2 and pentane led to the isolation of yellow crystals of 1-3F 
Synthesis of 3-methyl-1-(2,6-dimethyl)benzylimidazolium bromide (BzMIm-2CH 3 ).
1-methylimidazole (0.410 g, 5.0 mmol) was added to a dichloromethane (30.0 mL) solution of 2,6-dimethylbenzyl bromide (1.100 g, 5.5 mmol). The resulting solution was stirred for 48 hours. The solution, initially colourless, turned opaque during the course of the reaction. Solvent removal led to a colourless solid of BzMIm-2CH 3 that was dried overnight ( 
Synthesis of  5 -pentamethylcyclopentadienyl-iridium(3-methyl-1-(2,6-dimethyl)-

imidazolin-2-ylidene)-dichloride (1-2CH 3 ).
Ag 
Hydrogen transfer initiated dehydration (HTID) of 1,3-propanediol (1,3-PDO) in
the presence of Cp*IrX 2 (NHC) complexes.
HTID of 1,3-PDO in the presence of (A) 1-3F or (B) 1-2CH 3 and a base, in ionic
liquid: screening reaction conditions. Table S8 ) (B), a base (A: see Base in Table S1; B: see K 2 CO 3   Table S8 ), and an ionic liquid (A: see Solvent in Table S1 ; B: see EmmimNTf 2 Table S8) were added to a 50 mL round bottom flask connected, through a distillation condenser, to a 50 mL glass tube. The mixture was reacted at the selected temperature (see T in (A) Table S1 or (B) Table S8 ), at a controlled pressure of ca. 0.350 bar, for six hours, stirring at 1000 rpm.
The reaction product, a colourless liquid, was isolated by distillation, and was collected for the duration of the six hours reaction in the collecting glass tube kept at ca. -196 C (N 2 (l) bath). After separation from the minor water layer (if collected), the crude product [see % 11 yield (based on 2) in (A) Table S1 or (B) Recycling experiments. table S7] was analysed by GC/MS [see entry 1 in (A) tables S12, S13 and S14, (B) tables S15 and S16, (C) Table S5 , and (5 runs recycling) entries 2-5 in Table S6 , (C) (5 runs recycling) entries 2-5 in Table S7 ] and K 2 CO 3 [see K 2 CO 3 in (A) (10 runs recycling) entries 2-10 in tables S2 and S3, and (5 runs recycling) entries 2-5 in Table S4 , (B) (10 runs recycling) entries 2-10 in Table S5 , and (5 runs recycling) entries 2-5 in Table S6 , (C) (5 runs recycling) entries 2-5 in Table S7 ] were added to the reacted mixture resulting from the previous recycling experiment, in the 50 mL round bottom flask. The resulting mixture was reacted, and then analysed, as in the first cycle.
HTID
HTID of 1,3-PDO in the presence of 1-3F and K 2 CO 3 , and mercury, in
EmmimNTf 2 .
1,3-PDO (see 1,3-PDO in Table S9 ), 1-3F (see 1-3F in Table S9 ), K 2 CO 3 (see K 2 CO 3 in Table S9 ), mercury (three drops), and EmmimNTf 2 (see EmmimNTf 2 in Table S9 ) were mixed in a 50 mL round bottom flask and reacted at 150 C, using the same glassware apparatus, procedure and conditions as those described above for the reactions in the absence of mercury. The crude product (see % yield (based on propionaldehyde (2) in Table S9 ) was analysed by GC/MS (Table S19 ) and 1 H NMR (Table S29 ) spectroscopies.
HTID of 1,3-PDO in the presence of 1-3F and K 2 CO 3 , and water, in EmmimNTf 2 .
1,3-PDO (see 1,3-PDO in Table S10 ), 1-3F (see 1-3F in Table S10 ), K 2 CO 3 (see Table S10 ), water (3.0 mL), and EmmimNTf 2 (see EmmimNTf 2 in Table S10) were mixed in a 50 mL round bottom flask and reacted at 150 C, using the same glassware apparatus, procedure and conditions as those described above for the reactions in the absence of water. The monophasic crude product was analysed by GC/MS (Table S20 ) and 1 H NMR (Table S30) spectroscopies.
Analysis of reaction product solutions of HTID of 1,3-PDO in the presence of 1-3F
and a base, in ionic liquids: general methodology.
GC/MS spectroscopy allowed calculation of the amount of 5 in the isolated crude product solutions. The molar amount of 2, 3 and 4, relative to 5, was then calculated via integration of the 1 H NMR spectrum of the isolated crude product solutions. Then, the amount of 2, 3 and 4 in the isolated crude product solutions, and ultimately mass balance, was calculated by combining GC/MS and 1 H NMR spectroscopic information.
The GC/MS and 1 H NMR analyses of the reaction product solutions are hereby described.
GC/MS analysis of reaction product solutions.
13
-CH 3 CH 2 CH 2 OH / CDCl 3 / CH 3 OH calibration.
The substrate and internal standard CH 3 OH solutions for calibration were prepared and then analysed by GC/MS spectroscopy according to the method that this group recently reported, 14 leading to the following calibration curve:
-GC analysis of CH 3 OH solutions of pure 2, 3, 4, and 5.
Commercially available 2, 3, 4, and 5 (ca. 0.005 g) were each dissolved in CH 3 OH (1.0 mL). The resulting solutions were analysed by GC/MS spectroscopy. The resulting spectra 14 were used as benchmarks in the GC/MS analysis of the reaction product solutions resulting from screening conditions experiments and catalyst recycling experiments.
-General methodology for screening conditions and catalyst recycling experiments.
A CH 3 OH (1.0 mL) solution of a known amount of the reaction product solutions (PS in tables S11, S12, S13, S14, S15, S16, S17, S18, S19, S20) was prepared. The internal standard CDCl 3 (6 in tables S11, S12, S13, S14, S15, S16, S17, S18, S19, S20) was added.
The resulting solution was analysed by GC/MS spectroscopy. The areas of the peaks due to the substrate (A 5 ) and the internal standard (A 6 ) are reported, for each solution, in tables S11, S12, S13, S14, S15, S16, S17, S18, S19, S20. Equation Eq. 1 then allowed calculation of [5] (C 5 ). Entries 1-39 in Table S11 , 1-10 in Table S12 , 1-10 in Table S13 , 1-5 in Table S14 , 1-10
in Table S15 , 1-5 in Table S16 , 1-5 in Table S17 , 1-2 in Table S18 , entry 1 in Table S19 and entry 1 in Table S20 correspond to entries 1-39 in tables 1, S1, and S21, 1-10 in tables S2, S22, and S31, 1-10 in tables S3, S23, and S32, 1-5 in tables S4, S24, and S33, 1-10 in tables S5, S25, and S34, 1-5 in tables S6, S26, and S35, 1-5 in tables S7, S27, and S36, 1-2 in tables S8, S28, and 3, entry 1 in tables S9, S29, and 2, and entry 1 in tables S10, S30, and S37, respectively.
H NMR analysis of reaction product solutions: general procedure.
A Hz, I 4 (tables S21, S22, S23, S24, S25, S26, S27, S28, S29, S30)); 5,  H 3.60 (CH 2 OH, t, J HH = 6.64 Hz, I 5 (tables S21, S22, S23, S24, S25, S26, S27, S28, S29, S30))) were investigated in the 1 H NMR spectrum of the resulting solutions. The normalised ratio of I 2 , I 3 , I 4 and I 5 allowed calculation of the molar ratio of 2, 3, 4, and 5, and ultimately the molar yield of 2, 3, 4, and 5 (tables S21, S22, S23, S24, S25, S26, S27, S28, S29, S30), and the mass balance (MB) (tables S21, S22, S23, S24, S25, S26, S27, S28, S29, S30).
Results and discussion.
This group has recently reported the successful synthesis of propionaldehyde, in high yields and selectivities, via hydrogen transfer initiated dehydration (HTID) of 1,3propanediol (1,3-PDO) in the presence of a Cp*IrCl 2 (NHC) complex and a base, in ionic liquids as the solvent media. 14 
Synthesis of 1-3F and 1-2CH 3 .
1-3F and 1-2CH 3 were then synthesised, following the synthetic procedure reported in the literature for analogous Cp*IrCl 2 (NHC) complexes, by transmetalation of 3-methyl-1-(2,4,6-trifluorobenzyl)-imidazolylidene and 3-methyl-1-(2,6dimethyl)benzylimidazolylidene, respectively, from the corresponding silver carbene derivative to [Cp*IrCl 2 ] 2 , in CH 2 Cl 2 (see Scheme 1). The reactivity of Ag-NHC complexes towards NHC transfer has been reported for transmetalation reactions with Rh(I) and Ir(I) 18 complexes, and was also found to apply to [Cp*IrCl 2 ] 2 . 31c,32 Compounds 1-3F and 1-2CH 3 were isolated in good to excellent yields (87 and 76 %, respectively) as air-and moisturestable, crystalline solids after purification.
The 1 H and 13 X-ray analysis of needle-shaped, single crystals of 1-3F, grown by diffusing n-pentane into CHCl 3 solutions of 1-3F has confirmed its structure. 34 However, R-Factor  11.05 % has prompted further, current work aimed at producing higher quality single crystals of 1-3F in order to refine its structure to acceptable R 2 values. carbon atom, that is deshielded to  C 155.33 in 1-2CH 3 , and with the addition of the signals due to the Cp* carbon atoms at  C 88.80 (C 5 ) and 9.56 (CH 3 ).
HTID of 1,3-PDO: catalytic tests using catalyst precursors 1-3F and 1-2CH 3 .
Complexes 1-3F and 1-2CH 3 were then tested as catalyst precursors for HTID of 1,3-PDO in ionic liquids.
Testing catalyst precursor 1-3F.
The treatment of 1,3-PDO with 1-3F and a base, in an ionic liquid (EmmimNTf 2 or N 1, 8, 8, 8 NTf 2 ) solution, was found to lead to a range of C3 and C6 alcohols and aldehydes (see Scheme 2): the major products observed were the C3 aldehyde propionaldehyde (2), and the C6 aldehydes 2-methyl-pentenal (3) and 2-methyl-pentanal (4), along with 1-propanol (5) as the major by-product (Scheme 2). The range of products is similar to that, recently reported by this group, observed when using 1-5H as the catalyst precursor. 14 Scheme 2. HTID of 1,3-PDO catalysed by Cp*IrX 2 (NHC) complexes, in the presence of a base, in ionic liquids, at different temperatures and pressures: major reaction products; structure of the catalyst precursor complexes 1-5H, 1-3F and 1-2CH 3 , and of the ionic liquids EmmimNTf 2 and N 1, 8, 8, 8 NTf 2 tested as the solvent media.
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The postulated reaction mechanism for the base-assisted HTID of 1,3-PDO catalysed by Cp*IrX 2 (NHC) complexes is shown in Scheme 3. Formation of the target C3 aldehyde 2 occurs via the HTID of 1,3-PDO through the intermediates 3-hydroxypropionaldehyde and acrolein. Access to C6 chemistry occurs if 2 is allowed to further react after its formation:
self-aldol-condensation of 2 yields, after dehydration, 3. Hydrogenation of 3 leads to 4. 12, 14 Both 2 and acrolein can undergo hydrogenation to the major by-product 5. 35, 36, 37 MoS 2 , 38, 36 MoO 2 , 38 Mo 2 C, 38 WS 2 , 38 Pd/Al 2 O 3 , 36 and Pd/C 39 catalysts, of levulinates 39 produced by solvolysis of lignocellulosic biomass: while secondary alcoholic groups undergo, selectively, the HDO pathway to alkanes via dehydration followed by hydrogenation, primary alcoholic groups tend to rather dehydrogenate to the corresponding aldehydes; the following decarbonylation produces short chain alkenes.
Taking all the above into account, specific target compounds resulting from HTID of 1,3-PDO can be obtained by tuning the reaction conditions in order to maximise selectivity towards the target and minimise by-product formation. Running the HTID of 1,3-PDO in ionic liquids under vacuum allows removal of 2 from the reaction mixture as soon as it is formed, minimising the occurrence of the side-reactions leading to 3, 4 and 5, and so providing crude products rich in the target C3 aldehyde 2. Operating the reaction, instead, under pressure would drive the HTID of 1,3-PDO into a different chemical scenario: access to the C6 aldehydes chemistry would be provided, with 2 being consumed to produce 3 and 
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C3 aldehyde 2, the C6 aldehydes 3 and 4, and the alcohol 5, and total yields of 2-5 was then investigated (see Table 1 ). The pre-catalyst Cp*IrX 2 (NHC) complex 1-3F, and the base, are indispensable for the HTID of 1,3-PDO to occur. 1,3-PDO remains unreacted in the absence of 1-3F (in Table 1 , see entry 38) . When the HTID is carried out in the presence of 1-3F, but in the absence of base, no reaction of 1,3-PDO is observed (in Table 1 , see entry 39).
The effect of different bases, assisting the HTID of 1,3-PDO, on the total yields of 2-5 and selectivity towards 2, 3, 4, and 5 was then investigated. In the range of temperatures 100 -150 C, K 2 CO 3 and KOH allowed the highest total yields of 2-5 (85 and 89 %, respectively) and selectivities towards 2 (85 %, for both of them) as compared to CsCO 3 . In general, KOH allowed a better catalytic performance than K 2 CO 3 and CsCO 3 . For example, when running the HTID of 1,3-PDO at 150 C, at [1,3-PDO]:[Ir]  210.0, in EmmimNTf 2 , the total yield of 2-5 was found to be 85 % in the presence of KOH (in Table 1 , see entry 33), and 70 and 58 % in the presence of K 2 CO 3 (in Table 1 , see entry 17) and CsCO 3 (in Table 1 , see entry 37), respectively. The selectivity towards 2 was high in the presence of any of the bases tested: 89, 73 and 86 % in the presence of KOH, K 2 CO 3 and CsCO 3 , respectively. Small, traces, or no measurable amount of the C6 aldehydes 3 (2, 9, and 3 % in the presence of KOH, K 2 CO 3 and CsCO 3 , respectively), and 4 (0, 1, and 0 % in the presence of KOH, K 2 CO 3 and CsCO 3 , respectively) were detected using any of the above bases. 10, 17, and 11 % of 5 was observed to have formed in the presence of KOH, K 2 CO 3 and CsCO 3 , respectively.
A similar trend was observed when running the HTID of 1,3-PDO still at 150 C and at Table 1, see entries   9 , 1, and 14, respectively). The highest total yields of 2-5 were still observed in the presence of KOH, as compared to K 2 CO 3 and CsCO 3 , although they were much lower than those observed in EmmimNTf 2 : 50 vs. 85 %, 18 vs. 70 %, and 31 vs. 58 %, in the presence of KOH, K 2 CO 3 and CsCO 3 , respectively.
The high yields and selectivity towards 2 that were achievable when using both KOH and K 2 CO 3 , prompted us to select K 2 CO 3 as the preferable assisting base for the HTID of 1,3-PDO. Previous and current studies conducted by this group 14,40 on the selective production of C3 and C6 aldehydes using base-assisted HTID of 1,3-PDO using Ir(III) complex Cp*IrX 2 (NHC) as the catalyst precursors, have shown that yields and selectivities are affected by the base molar concentration, and have led to the conclusion that the optimal ratio [K 2 CO 3 ]:[1,3-PDO] to be used for the selective production of 2, with high total yields of 2-5, is [K 2 CO 3 ]:[1,3-PDO]  0.031. Higher and lower base concentrations would result in lower yields, and lower selectivities. We speculate that the higher base concentration may stimulate 25 side-reactions, including dehydrogenation, retro-aldol condensation, catalyst deactivation, and orthometallation 32d of the Cp*IrX 2 (NHC) complex.
The effect of the two ionic liquids, as the solvent media, on the total yields of 2-5 and selectivity towards 2, 3, 4, and 5 was further investigated. The better performance of the HTID of 1,3-PDO towards the selective production of 2 in EmmimNTf 2 , compared to N 1, 8, 8, 8 NTf 2 , was confirmed under further reaction conditions. For example, when running the HTID of 1,3-PDO at [1,3-PDO]:[Ir]  77, using K 2 CO 3 , the total yields of 2-5 were found to be much higher in EmmimNTf 2 than in N 1, 8, 8, 8 The different HTID performance observed in the two solvent media, EmmimNTf 2 and N 1, 8, 8, 8 NTf 2 , must be due to some chemical influence of the ionic liquid in the reaction mechanism. 9 Both the ionic liquids have been found to be stable throughout the HTID. The 1 H NMR spectra of the reacting mixtures show that no decomposition of the ionic liquids occurs during the course of the reaction. The triplet at  H 0.86 due to the -CH 2 CH 3 methylic 26 protons, the singlet at 2.92 due to the -NCH 3 methylic protons, and the multiplet at  H 3.18 due to the -NCH 2 -methylenic protons of N 1, 8, 8, 8 NTf 2 remain unchanged throughout the reaction time. The resonances due to the protons of EmmimNTf 2 , namely the triplet at  H 1.51 due to the -CH 2 CH 3 methylic protons, the quartet at  H 4.14 due to the -CH 2 CH 3 methylenic protons, and the two doublets at  H 7.62 and 7.63 due to the two HC=CH imidazolic protons also remain unchanged.
The effect of the pre-catalyst loading on the total yields of 2-5 and selectivity towards 2, 3, 4, and 5 was investigated. Increasing the pre-catalyst loading was found to enhance the catalytic performance when using K 2 CO 3 as the assisting base. For example, when running The HTID of 1,3-PDO to 2 in the presence of 1-3F was proven to be homogeneous via mercury poisoning experiments: 32a the catalytic activity of 1-3F remained essentially unchanged in the presence of mercury (see Table 2 ).
Furthermore, the catalytic system is not sensitive to air and tolerated the presence of water. Highly selective production of 2 (86 %) was observed when running the HTID of 1,3-PDO in EmmimNTf 2 , in the presence of 1-3F and K 2 CO 3 , and a significant amount of water. Table 2 . HTID of 1,3-PDO in the presence of 1-3F and K 2 CO 3 , and in the presence (entry 1) or absence (entry 2) of mercury, a in EmmimNTf 2 : total yields of 2-5, selectivity towards 2, 3, 4, and 5, and TOF. (Entries 1 and 2 correspond to entry 1 in tables S9, S19, S29, and entry 25 in tables S1, S11, S21, respectively.) Recycling catalyst precursor 1-3F.
The evidence collected screening the effect of the reaction conditions on the yields of, and selectivity towards, the C3 aldehyde 2 prompted us to investigate the recyclability of the C. In Figure 2 , triplicates 42 of the almost identical selectivity towards 2, 3, 4, and 5, and the total yield of 2-5, observed when recycling 1-3F at the same conditions, for the first five recycling runs, are represented. At 150 C, the selectivity towards 2 remained almost unchanged (for example: 1 st catalytic run: 78 %; 10 th catalytic run: 79 %) (See Figure S2 , and Table S32 , and also figures S1 and S3, and tables S31 and S33), while the percentage total yield of 2-5 was 85 % after the 1 st catalytic run, and 70 % after the 10 th catalytic run, varying overall within the range 61 -99 %.
41 'Duplicates': yield and selectivity average numbers out of two experiments. 42 'Triplicates': yield and selectivity average numbers out of three experiments. No significant loss of activity or selectivity towards 2 was observed over 10 recycling runs at 120 C. Figure 3 shows duplicates, over the first five recycling runs, of the selectivity towards 2, 3, 4, and 5, and total yields of 2-5, varying little, as observed when recycling 1-3F, at [1,3-PDO]:[Ir]  75.0, in EmmimNTf 2 , in the presence of K 2 CO 3 , at 120 C. Over the 10 recycling runs, the total yield of 2-5 was 58 % after the 1 st catalytic run, and 53 % after the 10 th catalytic run, the percentage total yield of 2-5 varying in the range 53 -71 % (See Figure   S4 , and Table S34 ); the selectivity towards 2 was found to be 82 % in the 1 st catalytic run, and 73 % in the 10 th catalytic run, varying in the range 70 -86 %. The catalyst precursor 1-3F was also found to be recyclable at [1,3-PDO]:[Ir]  210.0, when running the HTID of 1,3-PDO in EmmimNTf 2 , at [K 2 CO 3 ]:[1,3-PDO]  0.031, and at 150 C. The catalyst was found to be recyclable for at least 5 catalytic runs. Also in this case, no significant loss of selectivity towards 2 or activity was observed: the selectivity towards 2 varied in the range 82 -85 %, while the percentage total yield of 2-5 was found to be 78 % in the 1 st catalytic run and 76 % in 5 th catalytic run, varying in the range 68 -83 % (See Figure   S6 , and Table S36 ).
Testing catalyst precursor 1-2CH 3 .
The HTID of 1,3-PDO was then attempted by reacting 1,3-PDO in the presence of the Table 3 ). In addition, only trace amounts of product were formed in N 1, 8, 8, 8 NTf 2 : testing the activity of 1-2CH 3 at [1,3-PDO]:[Ir] = 49.0, at 150 C, led to ca. 0.5 % total yield of 2-5.
Replacement of H or F atoms (as in the HTID-active catalyst precursors 1-5H and 1-3F) bound to the ortho-C atoms of the benzyl arm of the carbene ligand with CH 3 , has 33 resulted in the inhibition of the catalytic activity of complexes Cp*IrCl 2 (NHC) towards HTID of 1,3-PDO. The origins of this effect could be steric or electronic as the methyl grouping is the bulkiest and most electron donating group attempted. However the observation may have more profound meaning, as for C-H and C-F orthometallation is feasible, but the methyl group is unlikely to react with the metal centre. This, coupled to the remarkable activity and selectivity achieved using 1-3F as the catalyst precursor has prompted further, current work in this group aimed at exploring fluorine substitution in the benzyl arm of the carbene ligand of Cp*IrCl 2 (NHC) complexes for HTID of 1,3-PDO. The beneficial or detrimental contribution of cyclometallation to HTID is being investigated. 29 The possibly crucial role played in cyclometallation reactions of fluorinated Cp*IrCl 2 (NHC) complexes, occuring via regiospecific carbon-fluorine bond activation, by silver particles generated in the synthesis of the Ir(NHC) complexes by transmetalation of imidazolylidenes from the corresponding silver carbene derivative to [Cp*IrCl 2 ] 2 , is being looked into. 29a Furthermore, the lack of activity of complex 1-2CH 3 in HTID of 1,3-PDO prevented from any further investigation on the effect of alkyl substitution in the benzyl arm of the Ir(III) complexes carbene ligand;
however, the electronic and steric effects of N-alkyl substitution on the carbene ligand of catalyst precursors Cp*IrCl 2 (NHC) on HTID of 1,3-PDO for the production of value-added target chemicals is currently being investigated. 43 Current work is also aimed at exploiting the catalytic activity of precursors Cp*IrCl 2 (NHC) to drive the HTID of 1,3-PDO away from the Table 3 . HTID of 1,3-PDO in the presence of 1-2CH 3 and K 2 CO 3 , in EmmimNTf 2 : total yields of 2-5, selectivity towards 2, 3, 4, and 5, and TOF. (Entries 1-2 correspond to those in tables S8, S18, S28.)
